Recent genome-wide association studies implicated that the nicotinic acetylcholine receptors (nAChRs) are common susceptible genes of two contextual diseases: chronic obstructive pulmonary disease (COPD) and lung cancer. We aimed to test whether the copy number variations (CNVs) in nAChRs have hereditary contributions to development of the two diseases. In two, two-stage, case-control studies of southern and eastern Chinese, a common CNV-3956 that duplicates the cholinergic receptor, nicotinic, α7 (CHRNA7) gene was genotyped in a total of 7880 subjects and its biological phenotype was assessed. The ≥ 4-copy of CNV-3956 increased COPD risk (≥4-copy vs 2/3-copy: OR = 1.44, 95% CI = 1.23-1.68) and caused poor lung function, and it similarly augmented risk (OR = 1.49, 95% CI = 1.29-1.73) and worsened prognosis (hazard ratio (HR) = 1.25, 95% CI = 1.07-1.45) of lung cancer. The ≥ 4-copy was estimated to account for 1.56% of COPD heritability and 1.87% of lung cancer heritability, respectively. Phenotypic analysis further showed that the ≥ 4-copy of CNV-3956 improved CHRNA7 expression in vivo and increased the carriers' smoking amount. The CNV-3956 of CHRNA7 contributed to increased risks and poor prognoses of both COPD and lung cancer, and this may be a genetic biomarker of the two diseases.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) and lung cancer are two major striking lung diseases that are contextual. 1, 2 It has been reported that 40-70% of lung cancer patients complicate with COPD, 3 whereas COPD patients have an extremely high incidence of lung cancer, up to 16.7 cases per 1000 person-years. 4 In addition, a metaanalysis revealed that COPD patients suffer a 2.76-fold risk of lung cancer compared with the common population. 5 COPD is now assumed to be a potentially intermediate phenotype ahead of lung malignant transformation, on account of the mediation effect that COPD has on lung cancer development as earlier reported. 6 Early screening of COPD is reported to be very important during lung cancer surveillance. 7 Epidemiological evidences indicated that COPD and lung cancer have similar pathogenesis with regard to shared etiological factors, including environmental exposures and genetic susceptibility. [8] [9] [10] The most predominant commonality of COPD and lung cancer in hereditary is the overlap of susceptible loci residing on the nicotinic acetylcholine receptors (nAChRs). Several single-nucleotide polymorphisms (SNPs) in the gene cluster CHRNA3/CHRNB4/CHRNA5 were reported to be associated with the risk of both diseases. [11] [12] [13] These variants are also associated with prognosis of lung cancer. 11, 14, 15 However, these SNPs can only explain a small proportion of disease heritability as shown by the relatively small increments in risk they have, reflecting 'Missing heritability' exists. Copy number variations (CNVs) are suggested to account for a large proportion of this 'Missing heritability'. As a prevalent genetic aberration covering 41 kb duplication or deletion, CNVs encompass genes leading to dosage imbalances and aberrant expression of genes, 16 and thus influence development of human diseases. The CNVs located in these nAChRs genes may affect their function. We therefore hypothesized that the CNVs in nAChRs may alter the carriers' susceptibility and prognosis to COPD and lung cancer.
To the above object, we screened all common CNVs (altered copy number frequency, ACNF 45%) in the 11 neuronal nAChRs genes and genotyped the common CNVs in two, two-stage, case-control studies of southern and eastern Chinese with a total of 1791 COPD patients and 1940 normal lung function controls, as well as 2072 lung cancer cases and 2077 cancer-free controls. A functional assay was further performed to assess the biological effect of the CNVs.
MATERIALS AND METHODS

Study subjects
Two, two-stage, case-control studies were conducted respectively for COPD and lung cancer in southern and eastern Han Chinese. The southern population was used as a discovery set, whereas the eastern population was the validation set. In brief, 1025 COPD patients and 1061 normal lung function controls from Guangzhou city, as well as 766 COPD patients and 879 normal controls from Suzhou city, were enrolled as described in previous studies. 11, 17 In addition, 1056 lung cancer cases and 1056 cancer-free controls from Guangzhou city, as well as 1016 lung cancer cases and 1021 cancer-free controls from Suzhou city, were used as described previously. 18, 19 All controls were age (±5 years) and sex frequency matched with the cases. Having signed a written informed consent, each subject provided data regarding the demographic characters and potential risk factors and donated one-time 5 ml blood sample. Among these subjects, there were 427 individuals having at least 4-year follow-up of lung function between 2002 and 2010 with annual spirometric detection, 20 and 570 lung cancer patients from the southern Chinese and 569 cases from the eastern Chinese having complete survival follow-up data. 19 Detailed information about subjects' recruitment and definitions of variables are presented in Supplementary Methods. These studies were approved by the institutional review boards of Guangzhou Medical University and Soochow University.
CNV selection and genotyping
Based on the Database of Genomic Variants (DGV: http://projects.tcag.ca/ variation/ last access: 1 January 2013), we screened all CNVs in the 11 neuronal nAChRs genes and found that two CNVs, chr15.hg19:g.31766300_32986579dup (ie, CNV-3956 in DGV database) and chr15.hg19:g.32446792_32899507del (ie, CNV-32018 in DGV database) of CHRNA7 (OMIM: 118511), are common in Chinese (Supplementary Table S1 ). Because the CNV-3956 absolutely encompasses the CNV-32018 (Supplementary Figure S1) and there is no available probe specially for the CNV-32018, we just genotyped the CNV-3956 in all 7880 subjects by the Taqman copy number assay with a special probe for CNV-3956 (ie, cat. no. Hs00059157) according to the protocol of Applied BioSystems, Carlsbad, CA, USA (Supplementary Figure S2A) . We also randomly selected 200 samples to genotype the CNV-3956 by the Accucopy assay to validate the genotyping results of the Taqman assay (Supplementary Figure S2B) .The results were 95.0% concordant between the two assays. Detailed protocol for the Taqman assay and Accucopy assay are presented in Supplementary Methods. In addition, we submitted the genotype information and frequency of the CNV-3956 to the LOVD 3.0/shared database linked to the cholinergic receptor, nicotinic, α7 (CHRNA7) gene by creating three individuals (ie, nos. 00017868, 00017869 and #00017870) representing lung cancer patients, COPD patients and healthy controls, respectively (http://databases. lovd.nl/shared/genes/CHRNA7).
CHRNA7 expression detection
The CNV-3956 covers the whole CHRNA7 gene and thus may influence the CHRNA7 expression. We detected CHRNA7 expression in 37 lung cancer tissues and their adjacent normal tissues that were collected during surgical excision in the Second and Tumor Hospitals of Guangzhou Medical University (Guangzhou, China) and immediately placed in liquid nitrogen as described previously. 18 The mRNA level of CHRNA7 was relatively quantitated to β-actin by the SYBR-Green real-time PCR with a detection kit from Promega company (Madison, WI, USA). The protocol for real-time PCR was routine as described previously. 18, 19 
Statistical analysis
Differences in the distribution of demographic characteristics and selected factors between cases and controls were analyzed by the χ 2 test. The associations between CNV-3956 and two diseases risk were calculated by logistical regression analysis with age, sex, pack-years smoked, biomass fueling and sets as covariables. Homogeneity test was performed with the Breslow-Day test. Interaction between risk factors and variant genotypes was assessed by multiplicative interaction. 21 The Kaplan-Meier method, log-rank test and Cox model with adjustment for age, sex, pack-years smoked, biomass fueling, sets, histological types and clinical stages were used to evaluate the effect of the CNV-3956 on lung cancer survival. The REML model was used to assess the heritability explained by the genetic variant. 22 A mediation model was used to test the indirect effect that the CNV had on lung cancer via COPD. Detailed statistical protocols for heritability, mediation and interaction test are presented in Supplementary Methods. Differences in CHRNA7 expression and lung function between the CNV-3956 genotypes were analyzed by one-way ANOVA test and Student's t-test. The study power was calculated using the PS Software. 23 All tests were two sided and evaluated using the SAS software (version 9.3; SAS Institute, Cary, NC, USA). Po0.05 was considered statistically significant. Table 1 , in the discovery set, the copy number of CNV-3956 was significantly associated with increased risks of COPD and lung cancer in a copy number-dependent manner (P = 4.41 × 10 − 5 for COPD; P = 0.001 for lung cancer). Compared with individuals carrying 2-copy, those carrying ≥ 4-copy had an increased risk for both COPD and lung cancer, but 3-copy did not. When data were dichotomized, we found that compared with 2/3-copy (ie, 2-or 3-copy genotype), individuals carrying 4-or more copy genotype (ie, ≥ 4-copy) had 1.44-fold increase in risk for developing COPD (OR = 1.44, 95% CI = 1.17-1.78; P = 6.00 × 10 − 4 ) and 1.47-fold increase for lung cancer (OR = 1.47, 95% CI = 1.20-1.80; P = 1.86 × 10 − 4 ). Consistent with the above findings, in the validation set, the ≥ 4-copy also had a significantly increased risk of COPD (OR = 1.44, 95% CI = 1.14-1.81; P = 0.002) and lung cancer (OR = 1.52, 95% CI = 1.23-1.87; P = 8.91 × 10 − 5 ) in comparison with the 2/3-copy. Because the above associations between the two populations were homogeneous (P = 0.642 for COPD and P = 0.958 for lung Figure S3 , the ≥ 4-copy of CNV-3956 exerted an intuitively higher OR in individuals with pre-existing COPD (OR = 2.01) than those without (OR = 1.42). Moreover, the ≥ 4-copy significantly interacted with smoking on increasing risks of both diseases (P = 0.006 for COPD and P = 0.003 for lung cancer). Taking the nonsmokers carrying the 2/3-copy genotype as reference (OR = 1.0), smokers carrying the ≥ 4-copy genotype exerted the highest OR on risk of COPD (OR = 3.18; 95% CI = 2.47-4.10) and lung cancer (OR = 2.60; 95% CI = 2.08-3.26) in comparison with smokers with the 2/3-copy genotype (COPD: OR = 1.91; 95% CI = 1.59-2.29; lung cancer: OR = 1.46; 95% CI = 1.24-1.72) and nonsmokers with the ≥ 4-copy genotype (COPD: OR = 1.32; 95% CI = 1.07-1.62; lung cancer: OR = 1.26; 95% CI = 1.03-1.55).
RESULTS
As shown in
We next examined the effect of CNV-3956 on prognosis of the two diseases. As shown in Figure 1a -c, individuals carrying the ≥ 4-copy had a significantly lower pre-bronchodilator forced expiratory volume in 1 s (pre-FEV1) than those carrying the 2/3-copy in the total population of COPD study (≥4-copy vs 2/3-copy: mean ± SD:
1.94 ± 0.66 vs 2.04 ± 0.70; P = 1.25 × 10 − 4 ), and the former displayed more annual average decline of pre-FEV1 than the latter in the 427 subjects who had at least 4-year follow-up of lung function (−0.113 ± 0.144 vs − 0.087 ± 0.108), but the difference was not significant (P = 0.079). However, no significant difference of prebronchodilator forced vital capacity (pre-FVC) was observed (P = 0.114). Besides, for the total southern and eastern lung cancer patients, the median follow-up periods were 12 months and 15 months, whereas the follow-up periods ranged from 0.5 to 110 months and from 1 to 102 months, respectively. As shown in Figure 1d and e and Table 2 , the median survival time (MST) of lung cancer patients from the southern Chinese was significantly decreased, being lowered by 2 months in the ≥ 4-copy carriers (MST: 13 months) than in the 2/3-copy carriers (MST: 11 months; log-rank test P = 0.026). The ≥ 4-copy genotype also conferred a higher death rate in comparison with the 2/3-copy (hazard ratio (HR) = 1.24; 95% CI = 1.03-1.50; P = 0.025). Results from the eastern Chinese confirmed the above finding, the ≥ 4-copy exerted a shorter MST and a higher mortality compared with the 2/3-copy (11 vs 15 months, logrank test P = 0.050; HR = 1.29; 95% CI = 1.01-1.64, P = 0.044). We then merged the two populations and found that the ≥ 4-copy caused a 3-month decrease in MST than the 2/3-copy (14 vs 11; log-rank test P = 0.003) and 25% increase in mortality (HR = 1.25; 95% CI = 1.07-1.45; P = 0.004). In addition, stratification analysis of survival revealed that the above effect was lost in some subgroups such as smoking avoiders. However, no significant interaction was observed between the ≥ 4-copy and selected variables on lung cancer survival (Supplementary Figure S4) . Columns indicate mean and bars indicate SD; Student's t-test was used to test the differences in lung function between the CNV-3956 genotypes, and the log-rank test was used to assess the effect of CNV-3956 on lung cancer survival. As shown, individuals carrying ≥ 4-copy had a significantly lower pre-FEV1 but not pre-FVC as well as annual average decline of pre-FEV1 than those carrying 2/3-copy in the total population of COPD study. In addition, the median survival time (MST) of lung cancer patients was significantly decreased in the ≥ 4-copy carriers than in the 2/3-copy carriers.
CHRNA7 CNV and lung disease development L Yang et al
We further examined the association between the CNV-3956 and smoking behavior in the total 7880 subjects ( Table 3 ). The individuals carrying the ≥ 4-copy were more likely to become heavy smokers (packyears smoked ≥ 43) than those carrying the 2/3-copy (P = 3.00 × 10 − 4 ). The mean pack-years smoked was also significantly higher in the former than the latter (≥4-copy vs 3-copy vs 2-copy: 35.1 ± 25.9 vs 31.4 ± 25.1 vs 31.6 ± 23.2; P = 0.001). However, the CNV seemed to have no effect on smoking status (i.e., never, former or current).
Because the CNV-3956 was significantly associated with pack-years smoked, COPD and lung cancer, and pack-years smoked and COPD are well-established risk factors of lung cancer, we analyzed whether pack-years smoked or COPD acted as a mediator on the CNV-caused development of lung cancer using the mediation test. The results showed that 3.25% of the effect caused by CNV-3956 went through COPD (Sobel test: P = 0.016; Figure 2 ). However, no significant mediation effect was observed for pack-years smoked (data not shown). Moreover, we also did not find significant mediation effect of pack-years smoked on association between the CNV and COPD risk (data not shown).
The CNV-3956 may alter the CHRNA7 expression underlying a dosage effect. As shown in Figure 3 , although a significant difference in CHRNA7 mRNA levels between the three genotypes of CNV-3956 in cancer tissues was not observed (ANOVA test: P = 0.137), the ≥ 4-copy was associated with a significantly higher CHRNA7 expression than the 2-copy (Student's t-test: P = 0.037). However, the above effect was not observed in the normal tissues, reflecting that there are some unrecognized mechanisms modulating the genetic effect of CNV-3956, such as gene-environment interaction.
DISCUSSION
In the current two, two-stage, case-control studies of southern and eastern Chinese, we found that the ≥ 4-copy of CNV-3956 of CHRNA7 conferred to an increased risk of COPD and lung cancer and an enhancive decline in lung function as well as poor survival of lung cancer, which may be due to an underlying mechanism that ≥ 4-copy of CNV-3956 improved CHRNA7 expression and exerted an increase in smoking amount. The CNV could explain ∼ 1.56% of COPD heritability and 1.87% of lung cancer heritability. Furthermore, the effect of CNV-3956 on lung cancer risk was mediated by COPD, 3.25% of which was exerted indirectly through COPD. To the best of our knowledge, we first reported the associations between the CNVs in the nAChR genes and development of lung diseases.
CHRNA7 is one of the most predominant nAChRs expressed in both central nervous system and pulmonary tissue, [24] [25] [26] and is responsible for mediating the effects of nicotine addict and toxicological effect caused by nicotine metabolites, such as nicotine-derived nitrosamine ketone (NNK). [27] [28] [29] CHRNA7 may play a role in the pathogenesis of COPD and lung cancer because of its effect on nicotine addiction. Evidence that active CHRNA7 can induce lung fibroblast and regulate lung inflammation also supports it may involve the development of both diseases. 30, 31 In the current study, we found that the ≥ 4-copy of CNV-3956 that duplicates the CHRNA7 gene conferred increased risks and poor prognoses of lung cancer and COPD, underlying a possible biological mechanism by increasing CHRNA7 expression and inducing carriers to consume more cigarettes because individuals with higher CHRNA7 expressions would be more nicotine sensitive. A challenge on this mechanism is that the loss genotype of CNV-32018, which we did not test due to technical limitation, would possibly induce exon deletion of CHRNA7 and nonfunctional CHRNA7, and thus the ≥ 4-copy of CNV-3956 may cause a upregulation of nonfunctional CHRNA7. To rule out such a possibility, we queried the Ensemble database and found no CHRNA7 transcript with a loss of the last exons (http://asia.ensembl.org/ Homo_sapiens/Gene/Summary?db = core;g = ENSG00000175344;r = 15: 32322691-32464722). It means that there may be some unknown mechanisms on limiting the effect of CNV-32018. Anyway, on account of the fact that smoking contributes to the development of COPD and lung cancer, 32 it is conceivable from our finding that CNV-3956 was associated with increased risks and poor prognoses of both diseases. Moreover, the adverse effect could be modulated by smoking because the CNV had a significant interaction with smoking on increasing the risk of both diseases. Expression of CHRNA7 is nicotine sensitive, 26 and therefore the adverse effect of CNV-3956 might be smoking dependent. Remarkably, we found that COPD had a significant mediation effect on the CNV-3956-lung cancer association and explained ∼ 3.25% of the total risk effect that CNV had on lung cancer, reflecting that COPD might be an intermediate phenotype in the process of CNVinduced development of lung cancer. The ≥ 4-copy carriers of CNV-3956 are more likely to develop COPD, and in turn lead to a high risk of lung cancer.
In addition, the association between CNV-3956 and survival of lung cancer is noteworthy, although previous studies have reported SNPs in other nAChRs genes with effects on lung cancer survival. 11, 14, 15 Compared with other nAChRs, CHRNA7 is the major responser of tobacco stimulation that induces tumor cell resistance to cell apoptosis through Akt-dependent proliferation and NF-κB-dependent survival pathways. 33 Inhibition of CHRNA7 can reduce the tumorigenicity of lung cancer cells. 34 It is well accepted now that CHRNA7 is a valuable molecular target for therapy of lung cancer and its antagonists (eg, D-tubocurarine or a-CbT) might provide 'efficacious adjuvant therapy' for lung cancer. 25 Therefore, on the fact of that the CNV-3956 caused a different CHRNA7 expression, it should be in consideration for future individual's treatment.
Human CHRNA7 gene is located on the chromosome 15q14. By now, several studies have demonstrated that genetic variants in CHRNA7 were associated with various human diseases and traits, such as the associations between CNVs in CHRNA7 and various neurological disorders. [35] [36] [37] [38] In addition, one study conducted in African and European Americans showed that one SNP of CHRNA7 was associated with nicotine dependence, 27 suggesting that the SNPs of CHRNA7 might show association with smoking-related diseases. Yet, till now, no published studies including genome-wide association studies (GWASs) have reported a significant association between CHRNA7 SNPs and the risk of smoking-related diseases, and this Figure 2 Path model for mediating effect of COPD on association between the CNV-3956 and lung cancer risk. α Was the comparable regression coefficient for association between the CNV-3956 and COPD; β was the comparable regression coefficient for association between COPD and lung cancer; τ′ was the comparable regression coefficient for association between the CNV-3956 and lung cancer; αβ was the indirect effect of COPD on lung cancer, and τ′ was the direct effect of CNV-3956 on lung cancer. The total effect of CNV-3956 on lung cancer τ = τ′+αβ and COPD explained αβ/τ × 100% effect of factor on lung cancer risk. Here, the mediation effect of COPD on association between the CNV-3956 and lung cancer risk was αβ/ τ = 0.071495 × 0.043842/(0.071495 × 0.043842+0.093318) = 3.25%. Figure 3 Correlation between the CHRNA7 CNV-3956 genotypes and CHRNA7 mRNA level in lung cancer tissues and their adjacent normal lung tissues. The mRNA level of CHRNA7 was relatively quantitated to β-actin. The horizontal lines refer to mean and SD of two sides. Columns indicate mean from three independent experiments and bars indicate SD; the ANOVA test was used to analyze the difference in relative mRNA levels of CHRNA7 between the three genotypes of CNV-3956. Although a significant difference in CHRNA7 mRNA levels between the three genotypes of CNV-3956 in cancer tissues was not observed (P = 0.137), ≥ 4-copy had a significantly higher CHRNA7 expression than 2-copy (Student's t-test: P = 0.037).
may be because of the stringent criterion of statistical significance (Po10 − 5 ) of GWASs and a lack of attention to SNPs of other nAChR genes. Moreover, the CNVs that lie in the CHRNA7 region might cause inadequate cover in this region of GWAS platforms. Here, we showed that CNV-3956 of CHRNA7exerted an adverse effect on the development of COPD and lung cancer, and explained ∼ 1.56% of COPD heritability and 1.87% of lung cancer heritability. This study has several strengths. Based on two populations with a relatively large sample size, we have achieved consistent results for both COPD and lung cancer studies in the two studied groups. The study power was strong (99.9% for COPD to detect an OR of 1.44 for ≥ 4-copy and 99.8% for lung cancer to detect an OR of 1.49 for ≥ 4-copy compared with other genotypes). The genotype-phenotype correlation also supported our findings. However, as these were hospital-based case-control studies, some limitations like selection bias or information bias are unavoidable.
Taken together, our study first reported significant associations between CNV-3956 in the CHRNA7 gene and risks as well as prognoses of COPD and lung cancer, possibly underlying a biological mechanism that CNV-3956 affected CHRNA7 expression and smoking. The effect of CNV-3956 on lung cancer risk was mediated by COPD. All these results suggest that CNV-3956 in CHRNA7 may be a common genetic biomarker to predict risks and prognoses of COPD and lung cancer. Validations with larger population-based studies in different ethnic groups are warranted.
